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Abstract
Background Blood-brain barrier (BBB) disruption after stroke is closely associated with brain tissue edema and 
neuronal injury, which requires accurate assessment. However, there is a lack of appropriate BBB imaging modality in 
vivo. As albumin in the blood could cross the damaged BBB into brain tissue after stroke, it serves as a biomarker for 
BBB disruption. Therefore, we aimed to develop an albumin-seeking near-infrared (NIR) probe to assess BBB disruption 
in stroke.

Results We proposed a chemoselective strategy for seeking albumin with NIR dyes and identified an optimal probe 
to evaluate BBB disruption in stroke. The probe combined a NIR fluorescent dye with inherent albumin-targeting 
moieties and exhibited high affinity and selectivity for binding to albumin. Using a mouse stroke model, the probe 
displayed a high-resolution visualization of the location and extent of BBB disruption in vivo and correlated well with 
BBB leakage measured by Evans blue ex vivo. A dual-channel NIR-II imaging was successfully used to simultaneously 
assess BBB disruption and cerebral perfusion after stroke. Furthermore, we applied this method to dynamically 
evaluate the BBB disruption process and reperfusion of thrombolytic therapy in a stroke model in real time, which 
showed excellent application value.

Conclusions We developed an albumin-seeking NIR probe that accurately evaluated BBB disruption in a safe, non-
invasive and real-time manner in various stroke models, and has a great potential guiding stroke treatment in a real-
time manner.
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Background
Stroke is one of the leading causes of death worldwide 
[1], which is a severe neurological disorder involving 
the disruption of the blood-brain barrier (BBB) [2]. The 
BBB is a biological barrier composed of brain endothelial 
cells and tight junction proteins that restrict the entry of 
most substances from the bloodstream into brain tissue 
[3, 4]. Stroke-related inflammatory reactions and vascu-
lar injuries cause BBB disruption, resulting in brain tissue 
edema and neuronal damage [5, 6]. Therefore, accurate 
assessment of the location and extent of BBB disruption 
in real time is crucial for the diagnosis and treatment 
of stroke. However, current BBB imaging techniques, 
mainly including MRI, CT and two-photon microscopy 
[7–9], are limited for in vivo BBB assessment due to time-
consuming, radiation risk or invasive restrictions [10, 11].

Near-infrared (NIR) imaging has emerged as a power-
ful technique for non-invasive imaging in biomedical 
research and clinical applications [12]. Recently, the sec-
ond near-infrared window (NIR-II) has gained significant 
attention with low tissue autofluorescence, great tissue 
penetration and reduced scattering [13, 14], and making 
it able to provide high spatial resolution imaging at deeper 
tissue depths in real-time manner [15, 16]. Meanwhile, the 
development of NIR-II imaging probes, such as NIR-II flu-
orescent dyes and nanoparticles, has further enhanced the 
capabilities of NIR-II imaging [17–20]. The combination 
of NIR-II imaging and targeted probes holds great prom-
ise for a wide range of applications [21–24]. However, the 
development of NIR fluorescent probes specifically target-
ing BBB disruption in stroke remains a challenge.

As albumin in the blood crosses the damaged BBB 
into brain tissue after stroke, it serves as a biomarker for 
BBB disruption [25, 26]. According to this pathophysi-
ological characterization, we developed an albumin-
seeking NIR probe aiming to achieve high-sensitivity and 

high-resolution imaging of BBB disruption. The probe 
combines a near-infrared fluorescent dye with albumin-tar-
geting moieties to in situ bind to albumin in the blood, and 
the dye-tagged albumin thus achieved specific detection of 
BBB disruption. The albumin-seeking dye allows for safe 
and accurate assessment of the extent of BBB disruption in 
real time in a mouse stroke model. Using NIR-II dual-chan-
nel imaging, we achieved simultaneous imaging of BBB and 
cerebral perfusion after stroke and applied for real-time 
assessment of reperfusion and BBB disruption process in 
thrombolytic therapy stroke model. Our study provides 
targeted imaging for BBB, which offers a powerful tool for 
studying the pathogenesis of stroke, developing novel ther-
apeutic approaches, and evaluating treatment strategies.

Results
Albumin-seeking NIR dyes covalently combine with 
albumin and increase brightness
We proposed a chemoselective albumin-seeking strategy 
for NIR dyes binding to albumin in vivo. Previous studies 
have proved the covalent bonding between chlorine-con-
taining (Cl-containing) cyanine dyes and albumin [27]. 
IR-780, IR-808 and IR-783 were cyanine dyes possess-
ing chlorocyclohexene that could first enter the albumin 
pocket through supramolecular interactions and under-
went covalent binding via a nucleophilic substitution 
reaction between the -SH group in albumin and the Cl-C 
bond in these dyes [27, 28]. While the Cl-free dye (ICG) 
bound albumin only through non-covalent supramolecu-
lar interactions [29]. Covalent binding of Cl-containing 
cyanine dyes and bovine serum albumin (BSA) enhances 
the stability and brightness of free cyanine dyes (Fig. 1a) 
[13, 30, 31]. We selected the Cl-containing NIR cyanine 
dyes that can covalently bind to albumin with optimal 
albumin-binding abilities of IR-780 > IR-808 > IR-783, 
and ICG as a comparison which not covalently bind to 
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albumin (Fig.  1b) [27]. First, we compared the bright-
ness characteristics of the four probes in vitro binding 
to albumin. The dyes exhibited the highest and lowest 
brightness in DMSO and PBS, respectively. Dyes in BSA 
were incubated at a 1:1 molar ratio at 60 °C for 2 h. The 

absorption and fluorescence spectra showed that the 
free dyes and Dye@BSA in PBS exhibited absorption 
peaks at 779–799  nm with NIR-II tail emission (Fig. 
S1). IR-780, IR-808, and IR-783 were associated with a 
higher brightness forming Dye@BSA than free dyes in 

Fig. 1 Chlorine-containing albumin-seeking dyes covalently bind to albumin and increase brightness. (a) Schematic diagram of the covalent binding 
site of chlorine-containing cyanine dye and albumin. (b) Structural formula of IR-780, IR-808, IR-783, and ICG. (c) Brightness of four dyes (50 nM) in DMSO, 
PBS, and BSA with incubating at 60 ºC of 1:1 molar ratio (mean ± SEM, n = 3). (d) Mass spectrometric analysis of four dyes in BSA with 1:1 reaction molar 
ratio at 37 ºC for 2 h. (e-f) Gel electrophoretic analysis of fluorescence intensity of four dyes in BSA at 1:1 and 10:1 reaction molar ratio at 37 ºC for 2 h 
(mean ± SEM, n = 3)
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PBS (Fig.  1c). In addition, compared with dyes in PBS, 
Dye@BSA has higher NIR-II quantum yield (Fig. S2, S3, 
Table S1). Next, the binding proportions of the four dyes 
to BSA were analyzed. Mass spectrometry illustrated 
that IR-780, IR-808, IR-783 bound to BSA in a 1:1 ratio 
(Fig. 1d). The bio-layer interferometry (BLI) experiments 
quantitatively compared binding affinity of IR-780 (KD = 
2.80E + 04 nM) > IR-808 (KD = 9.50E + 04 nM) > IR-783 
(KD = 4.30E + 05 nM) > ICG (KD =8.10E + 05 nM) (Fig. S4, 
Table S2). Gel electrophoresis showed that IR-780 bound 
almost completely to BSA, IR-808 bound mostly to BSA 
with a small fraction of free IR-808, IR-783 bound only 
partially to BSA, and ICG did not form any stable com-
plex with BSA (Fig. 1e). As albumin is the most abundant 
protein in the blood, and previous studies have shown 
that increasing the BSA: dye ratio enhances the binding 
proportion [27, 32, 33]. Therefore, we further incubated 
BSA with dyes at a ratio of 10:1. The gel electrophoresis 
revealed an enhanced binding of Cl-containing cyanine 
dyes to BSA, with IR-780 and IR-808 binding almost 
completely to BSA and IR-783 exhibiting an increased 
binding to BSA, whereas ICG binding proportion 
remained unchanged (Fig. 1f ).

Albumin-seeking dyes highly affinity and selectively 
bind to albumin in situ with enhanced brightness and 
circulation time
Before applying albumin-seeking dyes to stroke imaging, 
we observed the systemic metabolism and circulation of 
the four dyes in mice. After intravenous injection, IR-780 
and IR-808 accumulated in the liver and then distributed 
throughout the whole body maintaining high brightness 
for approximately 72 h with a long metabolism time. In 
contrast, IR-783 and ICG accumulated in the liver and 
cleared rapidly from the body within 24 h (Fig. S5).

To verify the metabolism of dyes in the circulation 
and the formation of dye@albumin complexes in vivo, 
blood samples were collected from mice intravenously 
injected with the same dose of the four dyes. The serum 
was separated and subjected to gel electrophoresis, fol-
lowed by NIR fluorescence imaging and gel staining with 
Coomassie Brilliant Blue. IR-780 and IR-808 maintained 
higher brightness in the circulation for a longer period 
compared to IR-783 and ICG, which gradually decreased 
within 7 days after the tail venous injection of the probes 
(Fig.  2a, b). In contrast to the results of brightness in 
vitro binding to albumin, IR-808 exhibited the highest 
brightness in circulation, followed by IR-780. It may be 
attributed to the hydrophobicity of IR-780, resulting in 
self-assembly and lower brightness when injected into 
the mice than IR-808 [34]. The serum gel electrophoresis 
results showed that IR-780, IR-808, and IR-783 formed 
dye@albumin complexes of approximately 66 kDa in situ, 
whereas ICG remained in its free form and was rapidly 

metabolized (Fig. 2c). Figure 2d shows the band patterns 
of various proteins in the serum collected at different 
time points. These results indicated the high selectiv-
ity and stability of IR-780, IR-808, and IR-783 binding to 
albumin. Consistent with the serum fluorescence bright-
ness results, the IR-808@albumin band was the brightest 
and the IR-780@albumin band was the second brightest. 
Only a portion of IR-783 formed complexes with albumin 
in the bloodstream, whereas the unbound portion of the 
dye was quickly metabolized and excreted. ICG did not 
bind to endogenous albumin and exhibited the fastest 
metabolism, reaching its highest brightness after 1 min, 
which decreased rapidly 10  min post-administration 
(Fig.  2e). These results illustrate that albumin-seeking 
probes can selectively and stably bind albumin in vivo 
with increasing brightness and circulation time.

Albumin-seeking dyes monitoring BBB disruption in stroke 
mice in real-time
Albumin is normally scarce in the brain tissue. However, 
blood albumin enters the brain through the damaged 
BBB post-stroke [35, 36]. Therefore, the albumin in brain 
serves as a biomarker for BBB injury [25, 26]. Although 
the dye-albumin complex enhanced the brightness and 
circulation time of free dye, introducing exogenous albu-
min may trigger immune or inflammatory reactions [37]. 
Therefore, the probe that can bind to endogenous albu-
min in situ may offer safe imaging and good capabilities 
for monitoring BBB disruption.

We explored albumin-seeking dyes for visualization of 
BBB disruption after stroke in a photothrombotic stroke 
(PTS) model with infarcts in the left cerebral cortex of 
mice. At 30  min post stroke, IR-780, IR-808, IR-783, 
and ICG were intravenously injected at the same dose 
respectively, and real-time dynamic NIR-II imaging was 
performed without the need for craniotomy (Fig.  3a). 
As shown in Fig. 3b, cerebral vessels were visualized but 
no fluorophore leakage into the stroke region at 1  min 
after probes injection. Fluorescence signals gradually 
accumulated in the stroke area in the IR-780 and IR-808 
groups with leakage observed as early as 10 min, indicat-
ing the accumulation in the brain parenchyma through 
the damaged BBB. IR-808 exhibited a brighter imaging 
than IR-780, consistent with the relative brightness of the 
serum. IR-783 have weaker brightness than IR-780 and 
IR-808, and showed a low fluorescence signal at 1  min. 
Due to the relatively weak binding affinity of IR-783 with 
albumin, free IR-783 cleared rapidly from the body [27]. 
Therefore, unbound IR-783 was rapidly metabolized and 
thus showed lower fluorescence signals in cerebral vascu-
lar at 10 min / 30 min / 1 h than those at 1 min. After a 
long period of injection into the blood circulation, IR-783 
could bind to albumin and greatly enhance its fluores-
cence intensity, thus showing a higher fluorescence signal 
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Fig. 2 Comparison of circulation metabolic behavior of albumin-seeking dyes in vivo. (a) Serum was collected at time points after tail vein injection (50 
µM, 60 µL) of IR-780, IR-808, IR-783 and ICG and imaged under the NIR-II window (80 ms, 1100 LP). (b) Normalized fluorescence intensity of serum after 
injection of dyes (mean ± SEM, n = 3 for each group). (c) Gel electrophoresis analysis of dyes and albumin binding changed over time in mice serum. (d) 
Coomassie brilliant blue showed protein distribution of serum after gel electrophoresis. (e) Normalized fluorescence intensity of albumin complex band 
of IR-780@albumin, IR-808@albumin, and IR-783@albumin and free ICG (mean ± SEM, n = 3 for each group)
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at 3  h than that at 10  min / 30  min / 1  h and accumu-
lation of fluorescence signals in the BBB leakage region 
was observed but with lower brightness than IR-780 and 
IR-808. ICG showed higher brightness in the blood ves-
sels 1  min after injection but was rapidly metabolized 
within 10 min, with minimal signal accumulation in the 

stroke area. To minimize the influence of brightness in 
the blood vessels, we quantified the fluorescence sig-
nal in the BBB disruption area by calculating the differ-
ence between the signal in the BBB disruption area and 
corresponding signal in the healthy contralateral area 
(Fig.  3c). IR-780, IR-808, and IR-783 showed the largest 

Fig. 3 Albumin-seeking dyes real-time monitoring BBB disruption in mice with stroke. (a) Schematic diagram of photothrombotic stroke model and 
NIR-II imaging for BBB disruption monitoring post-stroke (Created with BioRender.com). (b) NIR-II dynamic imaging (40 ms, 1100 LP) recorded at indicated 
time points post-injection of stroke mice with IR-780, IR-808, IR-783, and ICG (50 µM, 60 µL). (c-d) Difference in fluorescence signal intensity on the left and 
right sides post-injection of free dyes and dye@BSA (mean ± SEM, n = 3 for each group)
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difference in the accumulation of fluorescence signals at 
6 h, whereas ICG exhibited minimal signal accumulation 
in the brain tissue, which gradually decreased after peak-
ing at 1 h.

In addition, we validated the imaging ability of the 
BBB using the dye@BSA complex synthesized in vitro 
(Fig. S6a). IR-780@BSA, IR-808@BSA, and IR-783@
BSA complexes exhibited similar brightness and circu-
lation times in monitoring BBB disruption. ICG@BSA 
exhibited a behavior similar to free ICG. The brightness 
of the BBB disruption area was observed to be IR-780@
BSA > IR-808@BSA > IR-783@BSA (Fig.  3d). Although 
IR-780 demonstrated the strongest binding ability to 
albumin in vitro, it did not achieve similar effects as 
IR-780@BSA complex in vivo, possibly because of its 
hydrophobicity leading to self-assembly, and insuffi-
cient binding in vivo [38]. In contrast, IR-808 has simi-
lar effects as the IR-808@BSA complex, indicating that 
IR-808 can serve as an ideal albumin-seeking probe for 
monitoring BBB disruption after stroke without the need 
for exogenous albumin, thus offering better biocompat-
ibility. To confirm that BBB imaging using IR-808 relies 
on its in vivo binding to albumin, we used an albumin-
escaping probe, IR-808AC [39], which clearly visualized 
blood vessels but did not accumulate nor show BBB dis-
ruption and was completely metabolized from the blood 
vessels within 10 min (Fig. S6b).

The albumin-seeking dyes allows for immediate assess-
ment, multi-timepoint monitoring after stroke and a 
real-time, high-resolution visualization of BBB disrup-
tion. Among the four dyes tested, IR-808 exhibited the 
most remarkable visualization of BBB disruption. There-
fore, IR-808 is a promising probe for accurate assessment 
of stroke injury and we conducted detailed imaging using 
IR-808 in our subsequent investigations.

IR-808 enables evaluation of BBB injury in strokes with 
various severities
We first displayed the imaging of IR-808 monitoring BBB 
leakage in NIR sub-windows. Fig. S7a presents the imag-
ing results of IR-808 in NIR-I window (850–900  nm) 
and three sub-NIR-II windows (> 1100  nm, > 1200  nm, 
and > 1300  nm). IR-808 could provide sufficient bright-
ness under the longer NIR-II sub-window by increasing 
the exposure time and improves signal-to-background 
ratio (SBR) compared with in NIR-I window (Fig. S7b). 
We next observed changes in cerebral perfusion and 
IR-808 fluorescence signal accumulation in acute-phase 
of stroke. Dynamic continuous imaging of cerebral arter-
ies and veins in the mice was observed 2.8 s post IR-808 
injection. Compared with healthy side, a reduction in 
cerebral perfusion was observed in the infarct area of 
stroke mice (Fig. S8a, b). Leakage of fluorescent signal 
was observed in the stroke area 5 min after injection of 

IR-808, and fluorescent signal accumulation increased 
within 1 h (Fig. S8c, d).

We further explored the efficiency of IR-808 to detect 
and distinguish BBB injury of sham mice and three sever-
ity levels of stroke. As described in the methods, the 
severity of stroke injury was graded into three groups 
using the PTS model [40]. TTC results showed a pro-
gressive increasing infarct volume at 24 h after stroke in 
mild, moderate and severe stroke groups (Fig. 4a). West-
ern blotting analysis of protein expression in brain tissue 
showed a gradual decrease in tight junction-related pro-
teins (ZO-1, occludin) and basement membrane-related 
protein (laminin) and an increase in matrix metallopro-
teinase (MMP-9) levels in the sham, mild, moderate, and 
severe stroke groups (Fig.  4b), indicating an increased 
degree of BBB disruption. NIR-II imaging shows the flu-
orescence signals were similar in both sides and did not 
leak through the intact BBB in the sham group. In stroke 
groups, fluorophores leakage initially in the infarct core 
and gradually accumulates in the peri-infarct tissue as 
stroke time progressing, indicating dynamic aggregation 
through leakage BBB into brain tissue (Fig.  4c). Rela-
tive fluorescence intensity of the affected side increased 
progressively after stroke. In the moderate to severe 
stroke, the relative fluorescence intensity peaked at 12 h, 
whereas in the mild stroke it increased until the 24-h 
peak (Fig.  4d). The BBB leakage area increased over 
time in stroke groups and was larger in the worse stroke 
groups (Fig. 4e). In addition, we analyzed statistical dif-
ferences in BBB disruption between stroke severity at 
time points. The relative fluorescence intensity was sig-
nificantly higher in the more severity stroke groups at 6 h 
(P < 0.01) and 12 h (P < 0.05) (Fig. S9a). The BBB damage 
area was significantly different at 6 h between the three 
stroke groups (P < 0.01) and was significantly lower in 
mild stroke than in moderate-to-severe strokes at 12  h 
(P < 0.01) (Fig. S9b). At 24 h, relative fluorescence inten-
sity and damage area were significantly higher in severe 
stroke than mild stroke (P < 0.05). These results indicate 
that IR-808 allows dynamic assessment of strokes, as well 
as good differences in leakage area and relative fluores-
cence intensity measured by IR-808 in various severity 
strokes.

BBB disruption evaluated by IR-808 correlates well with 
Evans blue measurement
Currently, BBB disruption in experimental animals is 
mainly assessed through intravenous injection of Evans 
blue (EB), followed by ex vivo imaging and quantification 
[41]. To verify the reliability of the IR-808 in vivo evalua-
tion of BBB injury, we performed in terms of both IR-808 
NIR-II imaging in vivo and EB ex vivo measurement and 
quantification in sections at 6 h, 12 h, and 24 h, respec-
tively. IR-808 leakage area and fluorescence intensity as 
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well as EB leakage area and quantification were analyzed 
in the same mice (Fig. 5a).

Figure 5b present IR-808 in vivo and EB ex vivo imag-
ing of mild, moderate, and severe strokes at 6  h, 12  h, 
and 24  h post-stroke. The relative fluorescence inten-
sity of IR-808 correlated well with EB quantification at 
6  h (r = 0.975, P < 0.001), 12  h (r = 0.964, P < 0.001), and 
24 h (r = 0.851, P < 0.001) (Fig. 5c). This indicates that the 
quantitative evaluation of BBB injury by using IR-808 in 
vivo imaging is of high reliability. We further analyzed 

the findings in the brain sections (Fig.  5d). EB leakage 
and accumulation of IR-808 fluorescence signal can be 
quantified in sections (Figs. S10, S11). The fluorescence 
intensity quantification of IR-808 counted in sections 
correlated well with the relative fluorescence intensity 
in vivo (6  h: r = 0.921; 12  h: r = 0.857; 24  h: r = 0.879, all 
P < 0.001), demonstrating that in vivo NIR-II imaging has 
a good accuracy in reflecting IR-808 leakage into brain 
tissue (Fig. S12a). And the NIR fluorescence intensity in 
the sections correlated with EB quantification validating 

Fig. 4 IR-808 dynamic monitoring of BBB disruption with varying severity. (a) Coronal slices and whole-brain TTC staining in sham, mild, moderate, severe 
stroke groups and statistical analysis of infarct volumes quantified in slices (mean ± SEM, n = 6 for each group). (b) Western blotting analysis of BBB injury 
protein expression in the brains of mice with stroke with incremental severity (mean ± SEM, n = 3 for each group). (c) IR-808 NIR-II imaging for in vivo multi-
timepoint monitoring of BBB disruption in strokes of different severity (40 ms, 1100 LP). (d) Quantification of the relative FL intensity (Ratio of fluorescence 
intensity of affected side/healthy side-1) at time post-injection (n = 6 for each group). (e) Quantification of the area of fluorescence signal accumulation 
in the BBB damage area at time post-injection (n = 6 for each group). *P < 0.05, ****P < 0.0001
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Fig. 5 Correlation of IR-808 with Evans blue evaluation of BBB injury. (a) Schematic diagram showing the quantification of IR-808 and Evans blue (EB) 
on BBB disruption evaluation in the same mice (Created with BioRender.com). (b) IR-808 in vivo NIR-II imaging and its ex vivo visible EB imaging in mice 
with mild, moderate, and severe stroke at 6 h, 12 h, and 24 h. Orange dotted line outlines BBB leakage areas. (c) Correlation of relative FL intensity of IR-
808 with Evans blue quantification at 6 h, 12 h, and 24 h (n = 12 each time point). (d) The corresponding images of brain sections under NIR and visible 
scanning in panel b
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the results of in vivo imaging (Fig. S12b). Furthermore, 
the size ratio of BBB disruption in whole brain measured 
by IR-808 to EB at 6 h, 12 h and 24 h was 1.045 ± 0.039, 
1.005 ± 0.047, and 1.396 ± 0.063, respectively, indicating 
that the IR-808 is reliable in assessing the area of leakage 
(Fig. S12c, d). Comparing multiple time points in vivo 
and ex vivo with EB, our results demonstrate the accu-
racy of IR-808 NIR-II imaging for repeat assessment of 
BBB injury in vivo.

In addition, to explore the correlation between BBB 
leakage assessed by IR-808 and final infarct volume, 
we also assessed the correlation at 6 h, 12 h and 24 h of 
dynamic monitoring in various severities stroke. The 
relative fluorescence intensity at 6 h (r = 0.903, P < 0.001), 
12 h (r = 0.825, P < 0.001), and 24 h (r = 0.659, P = 0.003) as 
well as the area of BBB leakage at 6 h (r = 0.880, P < 0.001), 
12  h (r = 0.785, P < 0.001), and 24  h (r = 0.779, P < 0.001), 
correlated with the final infarct volume (Fig. S13). These 
results suggest that monitoring BBB disruption by IR-808 
allows for early prediction of the final infarct volume dur-
ing dynamic monitoring.

Dual-channel NIR-II dynamic imaging simultaneously 
evaluates BBB injury and cerebral perfusion
Brain neuropathology changes complex after stroke, 
and changes in BBB damage often accompanied with 
dynamic changes in cerebral perfusion. Thus, dual-
channel NIR-II imaging for simultaneous evaluation 
of BBB injury and cerebral perfusion has a high clinical 
applicability. IR-808 under 808  nm excitation showed 
the area of BBB disruption. To assess cerebral perfusion 
while monitoring the BBB, we employed another NIR-II 
probe, CO-1080@BSA, under 980 nm excitation and was 
intravenously injected at 6 h after stroke (Fig. 6a, b) [42]. 
Dynamic cerebrovascular images were captured begin-
ning with injection of CO-1080@BSA. NIR-II images 
showed BBB leakage (808  nm, IR-808) and dynamic 
changes of the cerebrovascular arterial to venous phase 
(980  nm, CO-1080@BSA) in the two NIR-II imaging 
channels (Fig.  6c). We quantified the dynamic fluores-
cence signals of the cerebral blood vessels in the BBB 
leakage area and corresponding healthy side. Compared 
with that in the healthy side, the cerebral perfusion was 
significantly reduced in the BBB leakage area (Fig.  6d). 
We performed principal component analysis (PCA) on 
a series of 40-frame dynamic images to distinguish the 
arteries (red) and veins (blue) in the mouse brain vascula-
ture and merged them with BBB leakage (green) (Fig. 6e). 
PCA revealed reduced arteries in the core of the ischemic 
area, while arterial vessels were still present in the sur-
rounding BBB injury area. The real-time dual-channel 
NIR-II imaging system can observe changes in cerebral 
perfusion dynamics while evaluating BBB injury, which 
helps to insight the mechanism of neurological injury 

after stroke, and has good potential for in vivo and clini-
cal application.

NIR-II BBB imaging provides real-time assessment of 
thrombolytic therapy efficacy and favorable biosafety
Thrombolytic therapy is a crucial reperfusion therapy 
in acute ischemic stroke, but reperfusion may aggravate 
BBB disruption [43, 44]. Therefore, it is necessary to eval-
uate the BBB and cerebrovascular perfusion in real time. 
We performed NIR-II BBB imaging in a mouse throm-
bolytic therapy model, achieving simultaneous dynamic 
assessment of cerebrovascular perfusion and BBB injury 
before and after thrombolysis (Fig. S14a). After stroke, 
middle cerebral artery (MCA) occlusion and reduced 
perfusion on the affected side were observed using 
IR-808 at 808 nm channel (Fig. S14b). After thromboly-
sis, MCA revascularization and perfusion recovery were 
observed at 980  nm channel using CO-1080@BSA (Fig. 
S14c). Meanwhile, BBB injury can be evaluated before 
and after thrombolysis in real-time, with the potential 
to guide treatment (Fig. S14d-f ). To further verify the 
universality of our method, we successfully performed 
dynamic imaging of BBB disruption in a mouse perma-
nent middle cerebral artery occlusion model (Fig. S15) 
and a rat PTS model (Fig. S16). These results demonstrate 
the potential wide applicability of albumin-seeking probe 
combined with NIR-II imaging for stroke BBB evaluation.

Considering its potential clinical applications, we 
tested complete metabolism in stroke brain tissue, effect 
on BBB recovery after stroke, and systemic safety. Fluo-
rescence signals accumulating in stroke brain tissue 
were completely metabolized 2 weeks after IR-808 injec-
tion (Fig. S17a-b). At 14 d, the effects of the retention of 
IR-808 on brain tissue function were evaluated by behav-
ioral tests and H&E staining. Behavioral tests results 
showed no significant difference in unilateral sensorimo-
tor dysfunction and cognitive function between IR-808 
group and PBS group (Fig. S17c). H&E staining showed 
the histopathological changes of peri-infarct tissue at 
14 d after stroke was not significantly different between 
IR-808 group and PBS group (Fig. S17d). These results 
indicate that IR-808 retention did not impair brain tissue 
function. In addition, BBB leakage was measured by EB 
in stroke mice injected with IR-808 or PBS at 7 d, 14 d, 
and 21 d after stroke, respectively. The results showed no 
significant difference in EB leakage between the IR-808 
and PBS groups, indicating that the use of IR-808 has no 
impact on BBB repair after stroke (Fig. S17e). In addition, 
serum from mice co-injected with IR-808 and CO-1080@
BSA showed blood clearance under 808 nm and 980 nm 
excitation, respectively (Fig. S18a). Liver function, kid-
ney function, and blood routine indices were within the 
normal range in mice treated with IR-808 or IR-808 plus 
CO-1080@BSA (Fig. S18b). H&E staining showed no 
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significant histological damage to the heart, liver, spleen, 
lungs, kidneys, or brain compared to the PBS group 
(Fig. S18c). These findings suggest that IR-808 and the 
co-injection of IR-808 plus CO-1080@BSA was safe and 
promising for clinical translation to in vivo NIR-II imag-
ing of stroke.

Discussion
This study demonstrates that the albumin-seeking NIR 
probe binds to albumin in situ, allowing for high temporal 
and spatial resolution imaging of the location and extent 
of BBB dysfunction in vivo. This BBB imaging technique 
exhibits broad applicability and safety, enabling accurate 
quantitative analysis and serial monitoring of BBB injury.

Fig. 6 Dual-channel NIR-II imaging of BBB disruption and cerebral perfusion after stroke. (a) Schematic diagram of dual-channel for BBB and cerebral 
perfusion imaging (Created with BioRender.com). (b) The absorption spectra of IR-808 and CO-1080@BSA. (c) Dual-channel images of the BBB and cere-
bral vascular (100 ms, 1200 LP) after stroke at time post CO-1080@BSA injection. IR-808 was used to evaluate BBB disruption using 808 nm laser excita-
tion, while CO-1080@BSA was used to dynamically evaluate the cerebral vascular using 980 nm excitation at 6 h post stroke. (d) Fluorescence intensity 
(normalized to the right-side peak) versus time in the left (infarct side) and right (contralateral) sides of the brain of mice with stroke showed a significant 
reduction in perfusion in the stroke area. (e) Dynamic sequential images of vessels with CO-1080@BSA were analyzed by principal component analysis 
and merged with images of the BBB leakage area (green) to resolve arterial (red) and venous (blue) cerebral vessels
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Since albumin is virtually lacking in normal brain tissue 
and BBB disruption after stroke leads to albumin in the 
blood could cross the damaged BBB into brain tissue, the 
properties of albumin allow it to be used as a biomarker 
of BBB disruption after stroke [25, 26]. This pathophysi-
ologic feature makes the albumin-seeking strategy to 
be a reliable method for evaluating BBB injury that the 
albumin-seek probes bind to albumin in the blood and 
enter the brain tissue with the tagged albumin to the BBB 
disruption area specifically. The results of in vitro and in 
vivo experiments demonstrated the effectiveness of albu-
min-seeking dyes bind to albumin highly selectively and 
stably in situ after intravenous injection, and covalent 
binding of IR-808 to albumin of 1:1 binding ratio allow 
quantification with accuracy as well as improving imag-
ing properties [27]. IR-808@albumin fluorophores accu-
mulate in brain tissue through disrupted BBB but not in 
the sham group. With the comparison of EB and TTC 
measurements, IR-808 accurately evaluated BBB injury of 
varying severity at multi-time points in a mouse stroke 
model. Our results provide an albumin-seeking strategy 
for real-time, accurate assessment of BBB injury in vivo.

BBB injury occurs ultra-early after stroke and pro-
gresses rapidly, therefore high temporal and spatial reso-
lution and repeated evaluation capability are essential for 
BBB in vivo imaging. Most of the current experimental 
animal studies used EB staining, which limits the assess-
ment in the same individual as well as in vivo. Several in 
vivo imaging methods are used in experimental animals 
but still have some limitations. Two-photon microscopy 
allows visualization of vascular leakage, but requires a 
cranial window and has a limited field of view [45]. MRI 
has low temporal resolution that makes it more chal-
lenging for repeated imaging [46]. CT has also been used 
to evaluate BBB injury after stroke but requires intra-
arterial injection of contrast materials and remaining 
radiation exposure risk [47]. Several fluorescent probes 
have been reported that can be used to assess BBB dam-
age after stroke (Table S3), but still lacking fluorescent 
probes that allow in vivo, high-resolution, real-time, non-
invasive imaging. Advantageously, our NIR-II fluores-
cence imaging has low tissue autofluorescence and high 
SBR, with high spatial and temporal resolution for repeti-
tive assessment of stroke in vivo [48]. NIR-II imaging 
combined with albumin-seeking probe allows for multi-
time point and high-resolution visualization of BBB 
disruption in real time. In addition, we constructed a 
dual-channel NIR-II imaging to provide a visual imaging 
method for evaluating BBB and cerebral perfusion simul-
taneously and performed it in a mouse thrombolytic 
therapy model. This method provides timely assessment 
of reperfusion effects of thrombolytic therapy as well as 
real-time assessment of BBB injury progression before 
and after thrombolysis to guide therapy. Intravenous 

thrombolytic therapy is a crucial reperfusion treatment in 
the acute phase of stroke, but there is still a large portion 
of patients having poor prognosis [49], which mainly due 
to unsuccessful reperfusion and/or hemorrhagic trans-
formation (caused by BBB injury after thrombolytic ther-
apy) [50]. Real-time monitoring of reperfusion and BBB 
injury in stroke model is very important for the study of 
intravenous thrombolysis combined multiple treatment 
strategies. For example, the effect of the early application 
of antiplatelet drugs on vascular revascularization and its 
impact on the destruction of the BBB, the effect of new 
thrombolytic drugs and their influence on BBB, the pro-
tective effect of novel neuroprotective drugs on BBB after 
intravenous thrombolysis and so on. The study of these 
problems is very important for the formulation of com-
prehensive treatment strategies for patients with intra-
venous thrombolysis. In addition, our method allows for 
monitoring reperfusion and BBB injury in a real-time 
manner of thrombolytic therapy with pathological mod-
els of stroke combined with a variety of other diseases, 
such as hyperglycemic stroke model and hyperlipidemic 
stroke model, which can help to further understand the 
stroke pathogenesis mechanisms. In conclusion, our 
methods provide a broad prospect for non-invasive diag-
nosis of stroke and treatment efficacy assessment in clini-
cal practice.

Furthermore, our work offers a biologically safe imag-
ing strategy considering the possible risks of exogenous 
albumin. Encapsulation of cyanine dyes with albumin is 
an effective strategy to improve the brightness and phar-
macokinetics for NIR-II bioimaging [27]. However, exog-
enous albumin carries the potential risk of contamination 
by blood-borne pathogens [51]. In addition, exogenous 
albumin is immunoreactive and may cause inflamma-
tion [37]. Minimizing the adverse effects is an important 
aspect of BBB monitoring to achieve clinical translation. 
Our study shows that IR-808 high selectively binds to 
endogenous albumin in situ and achieves the comparable 
effect as the dye-albumin complex that binds to BSA in 
vitro. This albumin-seeking dye exhibits good stability 
and biocompatibility, and is excreted in a timely manner 
post imaging with no impact on BBB recovery, which has 
great potential for clinical translation.

Conclusions
In summary, we demonstrate the albumin-seeking NIR 
probe allows for high-sensitivity and high-resolution 
imaging of the location and extent of BBB disruption in 
a safe, non-invasive and real-time manner. The albumin-
seeking probe has a wide range of applications in BBB 
evaluation of stroke. Our NIR-II BBB imaging provides 
the potential for comprehensive evaluation of stroke 
pathophysiology, pathogenesis, and the development of 
effective therapeutic strategies.
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